As part of an ongoing development of third-generation advanced high-strength steels with acceptable cost, austenite reversion treatment of medium Mn steels becomes attractive because it can give rise to a microstructure of fine mixture of ferrite and austenite, leading to both high strength and large elongation. The growth of austenite during intercritical annealing is crucial for the final properties, primarily because it determines the fraction, composition, and phase stability of austenite. In the present work, the growth of austenite from as-quenched lath martensite in medium Mn steels has been simulated using the DICTRA software package. Cementite is added into the simulations based on experimental observations. Two types of systems (cells) are used, representing, respectively, (1) austenite and cementite forming apart from each other, and (2) austenite forming on the cementite/martensite interface. An interfacial dissipation energy has also been added to take into account a finite interface mobility. The simulations using the first type of setup with an addition of interfacial dissipation energy are able to reproduce the observed austenite growth in medium Mn steels reasonably well.
I. INTRODUCTION
THE austenite reversion treatment of medium Mn steels (3 to 10 mass pct Mn) has gained much attention recently, since the reverted austenite gives rise to both high strength and high elongation. [1] This is aligned with the development of the third-generation advanced high-strength steels with excellent mechanical properties and acceptable cost. [1] The austenite reversion treatment of medium Mn steels mainly consists of two processes: austenitization and quenching to form martensite, and subsequent intercritical annealing in the ferrite+austenite twophase region for the austenite reversion. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] If growing from as-quenched lath martensite, the reverted austenite is mainly thin-film-like and primarily nucleated at lath boundaries, [2, 6, 7, 11] and has almost identical orientations with the prior austenite. [12, 13] During intercritical annealing, austenite is mainly stabilized by C and Mn partitioning from martensite, meanwhile, martensite gradually becomes ferrite due to C depletion and dislocation annihilation. [2, 5, 14] The width of reverted austenite and ferrite/martensite is in the order of a few hundred nanometers. Therefore, after intercritical annealing, a fine microstructure of reverted austenite and ferrite/martensite is obtained.
The elongation can be further enhanced, without compromising strength, by exploiting the transformation-induced plasticity (TRIP) effect brought about by the transformation of austenite to martensite under external stress. The TRIP effect is maximized by optimizing the phase stability of austenite. [15, 16] The final microstructure and austenite stability of medium Mn steels are determined by the temperature and duration of intercritical annealing. [2, 3, 9, 10, 14] Therefore, it is important to understand and model the austenite growth during this process, since an accurate model benefits further steel design.
Many simulations of the austenite reversion from martensite in the Fe-C-Mn and Fe-C-Mn-Si systems can be found in literature. In most of the simulations, a diffusion couple of austenite and martensite is used. [2] [3] [4] 11, [17] [18] [19] [20] [21] In this setup, the simulated temporal evolution of austenite volume fraction has three stages, i.e., a rapid increase under non-partitioning local equilibrium (NPLE) controlled by rapid carbon diffusion, a slow increase under partitioning local equilibrium (PLE) controlled by relatively slow diffusion of Mn in martensite, and a decrease to the equilibrium level under PLE due to homogenization of all alloying elements. When performed on medium Mn steels, such simulations predict much faster austenite formation than experimentally observed after short intercritical Article published online February 7, 2018 annealing times, e.g., less than 1 hour, [7, 9] primarily attributed to the NPLE stage. In addition, cementite is experimentally observed in these steels during intercritical annealing and could be one of the causes for the discrepancy. In several other simulations, based on the assumption that austenite mainly forms on the cementite/martensite interface, a diffusion couple of martensite and cementite with austenite nucleating in between is used. Nevertheless, these works focus more on cementite dissolution instead of austenite formation, or the steel used has an initial microstructure of ferrite and cementite before intercritical annealing. [21] [22] [23] The present simulations focus on the growth of austenite from as-quenched martensite with a lamellar morphology for medium Mn steels during intercritical annealing, taking into account the formation of cementite. Besides, the growth of austenite at the temperature region of intercritical annealing may be controlled by both interface mobility and bulk diffusion of alloying elements. [24] Therefore, it is of interest to study the effect of adding an interfacial dissipation energy (IDE) due to a finite interface mobility to the austenite/martensite interface.
II. SIMULATION METHOD AND SETUPS
The kinetic simulations were performed in the DICTRA module of the Thermo-Calc software package, [25] [26] [27] using the TCFE7 thermodynamic database and the MOBFE2 mobility database, under local equilibrium at the interfaces. Phase diagrams were calculated using Thermo-Calc with the TCFE7 thermodynamic database as well. The Thermo-Calc software used was Version 2016b modified to allow adding an IDE to a specified interface among multiple ones. One-dimensional systems (cells) including martensite (a), austenite (c), and cementite (h) in Cartesian coordinates were used to model the planar growth of austenite, representing the thickening of austenite films. Martensite was treated as a body-centered cubic phase supersaturated with C. During intercritical annealing, martensite gradually becomes ferrite, and in the following texts both will be denoted as ''a'' without distinction. To represent different degrees of martensite tempering prior to austenite reversion, the initial cementite fraction was varied. The initial state without retained austenite was simulated by setting austenite as ''inactive'' which means that austenite appears when its driving force for precipitation exceeds a prescribed value, 10 À5 J/mol. The setup previously used in the literature which contains only austenite and martensite is named ''Setup O'' thereafter. When cementite is added to Setup O and the nucleation sites of austenite are considered, two types of setups are constructed according to the microstructure schematically illustrated in Figure 1(a) . The first one, named ''Setup A,'' contains regions of austenite, martensite, and cementite from left to right, as shown in Figure 1(b) . This setup represents that austenite nucleates on martensite lath boundaries and grows into martensite laths while cementite forms inside martensite laths. The second, ''Setup B,'' consists of regions of cementite, austenite, and martensite from left to right, as shown in Figure 1(c) . This setup represents that austenite forms on the cementite/martensite interface. Although cementite is observed as rods, we keep to the planar cell. This is acceptable because our focus is to better describe the growth of austenite instead of accurately simulating the formation or dissolution of cementite. Furthermore, a specific setup will be denoted as, for instance, 0c199a1h, meaning the cell initially contains regions of 0 austenite, 199 nm martensite, and 1 nm cementite from left to right.
In the simulations where a finite mobility of the a/c interface was considered, the molar IDE, DG m(diss) , was calculated using
in which v is the interface velocity, V m the molar volume, and M the interface mobility using a description of
in which R is the gas constant and T is temperature. [28] Under a simplified treatment, the Gibbs energy of austenite is offset by DG m(diss) while local equilibrium is still assumed. [29] It should be mentioned that the above expression for M gives a much lower mobility than what was used in many prior calculations. A lower mobility yields a larger dissipation energy and is thus expected to have a more pronounced effect on the rapid NPLE stage of the transformation.
In addition, u-fraction is applied as the composition variables in the simulation, and the u-fraction of a component k is defined as in which x k and x S is the mole fraction of component k (C or Mn) and substitutional element S (Fe and Mn), respectively. It is convenient to use u-fraction, since in the present DICTRA simulation it is assumed that only substitutional elements contribute to the volume.
[27]
III. RESULTS AND DISCUSSION

A. Simulations Using Setups A and B
The austenite growth was simulated using Setup A and B for an Fe-0.2C-5Mn steel intercritically annealed at 923 K (650°C), assuming different initial cementite fractions and martensite lath widths. (Alloying contents are in mass pct and phase fractions are in volume pct, which will be used throughout the texts.) The initial cementite fraction was set to 0.5, 1, 1.5, or 2.5 vol pct, respectively. The maximum cementite fraction is about 2.7 vol pct from lever rule if one assumes that all C is concentrated in cementite. The cell size, corresponding to the half width of martensite lath, was set to 100, 200, or 500 nm. Figure 2 shows the fractions of austenite and cementite simulated using Setup A in which austenite and cementite form with martensite in between. Most of the simulated austenite fractions have three stages and are similar to the simulations in which martensite and austenite are included without cementite. [5] [6] [7] [8] [9] [10] [11] Only in the simulation with the largest cementite fraction, 2.5 vol pct, no plateau corresponding to the NPLE growth is observed, since in this case martensite has such a low C content and thus is in the PLE region from the beginning. In all simulations, cementite gradually grows to a similar maximum fraction and thereafter dissolves, since cementite is unstable at this temperature for this alloy. From the results of the same cell size (200 nm), with increasing the initial cementite fraction, less austenite fraction is obtained after the same time; after cementite starts to dissolve, the austenite fractions in different simulations start to become similar. Simulations of different cell sizes show that it takes longer time to achieve the same austenite or cementite fraction in a large cell than in a smaller one, since the former requires a longer diffusion distance. For instance, cementite fully dissolves after about 10 5 s in a 500 nm cell, compared to about 10 3 s in a 100 nm cell. Figure 3 shows the Mn profiles in u-fraction, i.e., metal atomic fraction, after different times corresponding to the simulation of 0c198a2h in Figure 2 . The growth of austenite starts with C diffusion under NPLE. Mn does not partition at this stage, and a sharp compositional spike of Mn is formed accompanying the fast advance of the a/c interface, e.g., after 10 À6 and 10 À4 s. When the growth mode of austenite changes from NPLE to PLE, Mn starts to partition from martensite to austenite. This process is controlled by Mn diffusion in martensite. The Mn profile after 1 s shows an early PLE stage where the Mn content in austenite near the a/c interface (u Mn,c a/c ) slightly increases, but with time it dramatically increases and therefore a severe gradient forms, e.g., after 10 2 s. With increasing intercritical annealing time, such a gradient gradually levels out and the composition approaches equilibrium, e.g., after Figure 4 shows the fractions of austenite and cementite simulated using Setup B in which austenite nucleates on the cementite/martensite interface. In this case, austenite appears and grows after cementite starts to dissolve, and this is a distinct difference from Setup A in which austenite appears and grows from the start of the simulation. When using different initial cementite fraction and the same cell size, i.e., 200 nm, cementite grows from different initial values to the same maximum amount, and thereafter the fractions of austenite and cementite are, respectively. overlapped. This indicates that a difference in initial cementite fraction has a negligible influence on the fractions of austenite and cementite. When the cell size is increased from 100 to 500 nm, longer time is required to achieve the same austenite fraction. Figure 5 shows the Mn profiles corresponding to the simulation of 2h0c198a in Figure 4 . Cementite starts to form controlled by the rapid C diffusion without Mn partition, resulting in a compositional spike of Mn accompanying the advance of the a/h interface, e.g., after 10
À6 and 10 À4 s. Thereafter, austenite starts to form and the a/h interface splits into a h/c and an a/c interface. These two interfaces move in opposite directions, with austenite growing while cementite and martensite are shrinking. The Mn profile after 1 s shows an early stage after austenite formation. u Mn,c a/c does not change much with time, thus a less severe Mn gradient in c is observed near the a/c interface, e.g., after 10 2 and 10 5 s.
B. Thermodynamics of Setups A and B
As shown in the previous section, the simulation results are quite different using the two setups, which can be understood from thermodynamics. Figure 6 shows an isothermal section of the Fe-C-Mn phase diagram at 923 K (650°C) with the metastable a/c and a/h phase boundaries to illustrate the kinetics of Setup A. When c starts to form under NPLE, the a and c compositions at the a/c interface do not change during the NPLE stage, with the corresponding tie-line marked as 1 in Figure 6 . After the growth mode changes from NPLE to PLE, the tie-line moves in the direction marked as 2 in the phase diagram, therefore u Mn,c a/c increases with time during PLE. Cementite grows from the start of the simulation as well. The a and h compositions at the a/h interface follow the tie-line of a/ h boundary (not shown in Figure 6 ). Figure 7 shows an isothermal section of the Fe-C-Mn phase diagram at 923 K (650°C) with equilibria among a, c, and h to illustrate the kinetics of Setup B. The growth of h also starts under NPLE, and at this stage the a and h compositions at the a/h interface follow the tie-line marked as 1 in the a + h region. When the growth of h has changed to PLE, the tie-line starts to move towards the direction marked as 2. When the tie-line reaches the three phase triangle (in red), austenite starts to form and the a/h interface splits into an a/c and a h/c interface. Thereafter, marked as 3, the a/c and the h/c interfaces evolve according to their own tie-lines, respectively, and these two separate tie-lines are connected by the C iso-activity line in c. When austenite forms, u Mn,c a/c is about 0.08, and it slightly varies with time, thus no severe Mn gradient in c is observed near the a/c interface. 
C. Simulations with Addition of an IDE
The simulations using Setups A and B in the previous section are based on the assumptions that the transformation is controlled by bulk diffusion of alloying elements and that the interface has an infinitely high mobility. In this section, we discuss the influence of adding an IDE to the a/c interface due to a finite interface mobility where the interfacial condition deviates from local equilibrium. Figure 8 shows a comparison of simulations using Setup A with and without addition of an IDE described by Eqs. [1] and [2] for an Fe-0.2C-5Mn steel intercritically annealed at 923 K (650°C). In these simulations, the cells contain 1 nm austenite on the left, since the addition of an IDE requires a specified interface. Besides, the simulation results using 1c198a1h and 0c199a1h are very similar, which are not shown here. With addition of the IDE, the growth of austenite is suppressed initially, and the plateau corresponding to the transition of NPLE/PLE disappears. If the mobility is increased 10 times, the IDE decreases to 1/10, and a slight plateau is observed.
The effect of addition of IDE on the a/c interface velocity is shown in Figure 9 . In Setup A, the growth of austenite starts with a high velocity of about 10 À2 m/s, which decreases to 10 À6 m/s after about 10 À3 s in the NPLE stage, followed by an even lower velocity from about 10 À8 to 10 À14 m/s under PLE. The addition of an IDE to Setup A reduces the interface velocity under NPLE by several orders to about 10 À6 m/s, while the velocity under PLE is almost unaffected. In Setup B, austenite starts to form after about 10 À1 s under PLE, and thereafter the velocity is almost identical to the velocity from Setup A. Since the IDE is proportional to the interface velocity, the absence of an NPLE stage makes the addition of an IDE negligible in Setup B. Therefore, the IDE is unnecessary to add to setup B.
D. Comparison with Experimental Data
The austenite reversion in an Fe-0.2C-4.7Mn steel has been studied in detail by Luo and coworkers, [2] and these experimental data will be adapted as a first comparison to the present setups. The steel has an initial microstructure of as-quenched lath martensite without cementite. It was intercritically annealed at 923 K (650°C) with a heating rate of about 40 to 60 K/s (°C/s). After intercritical annealing, the reverted austenite is mainly thin-film-like. Simulations were performed using Setups O, A, B, and A with an addition of IDE (''A + M'') described by Eqs. [1] and [2] . The cell sizes were set to 200 nm, which was half of the experimentally measured average thickness of martensite laths. The simulation results are shown in Figures 10 and 11 , compared with experimental data.
As shown in Figure 10 , the austenite fractions for Setups O and A show a plateau corresponding to the transition of NPLE/PLE, and reach about 20 and 7.5 vol pct after about 10 À3 s, respectively. Due to such plateaus, the simulated austenite fractions are much higher than the experimental data after short times, e.g., 10 2 s. The results from Setup A + M and Setup B agree quite well with the experimental data in the start up to about 10 3 s, and thereafter are slightly higher. In the later stage after about 2 3 10 4 s, the experimental austenite fraction decreases with time and is persistently lower than the calculated value. An explanation could be that austenite partly transforms to martensite during the final cooling after intercritical annealing. This will be described in detail further on. Regarding the austenite composition, as shown in Figure 11 , the simulated C content in austenite from Setups O, A, and A + M exhibits a peak followed by a basin before reaching the final equilibrium. This is mainly due to the competition between the increase of C content in austenite due to partitioning and the increase of austenite fraction. Especially in the simulation using Setup A + M, the C content increases drastically in the beginning because austenite grows much slower and becomes much more C enriched than without addition of the IDE. It is noteworthy that the basin of C content between 10 1 and 10 4 sec in Setups A and A + M is associated with the formation and dissolution of cementite. In contrast, the C content in Setup B keeps relatively stable after the austenite formation. Compared with the experimental data, the results using Setups A, B, and A + M show similar trends, yet they are relatively lower. This may be due to the experimental method that the C contents were estimated based on lattice parameter determined using XRD. It has been shown that in a quenching and partitioning steel, the C contents in austenite obtained using atom probe tomography were relatively lower than those determined using XRD based on the same formula of lattice parameter and composition as in the work from Luo et al. [2, 30] The experimental Mn content in austenite shows a slight increase even though the experimental scatters are large, and such an increase could be comparable with Setups O, A, and A + M, while it is different from Setup B in which the simulated Mn content keeps approximately constant.
Since austenite and cementite form competitively at the expense of martensite, either Setup A or B can be operative in reality. A recent work based on the orientation relationship among reverted austenite, martensite, and cementite concluded that, the formation of thin-film-like retained austenite is attributed to a strong variant selection by the surrounding martensite, while nucleation of austenite at cementite/martensite interface weakens the variant selection and this leads to the formation of intra-granular globular austenite. [12] Therefore, Setups A and B could be related to a thin-film-like and a globular morphology, respectively. Generally, the selection of Setup A or B to simulate austenite reversion depends on the final microstructure, i.e., which morphology of reverted austenite is dominant, and this can be estimated according to the initial microstructure, annealing temperature, heating rate, etc. In order for Setup A to be realistic, the lamellar structure should be maintained. Setup A seems more relevant if the initial microstructure mostly contains martensite laths. A high heating rate is preferred since the tempering of martensite is minimal and thus only a small amount of austenite is formed. Setup B may be more relevant if the initial microstructure is mainly tempered martensite or the heating rate is relatively low, such that reverted austenite has to re-nucleate, most likely on the martensite/cementite interface.
Regarding the fraction and composition of austenite presented in Figures 10 and 11 as well as the discussion above, the simulations using Setup A + M agree rather well with experimental data of Fe-0.2C-4.7Mn at 923 K (650°C). Therefore, Setup A + M is applied to the same steel intercritically annealed at two other temperatures as well as several other steels. The simulated austenite fractions are compared to experimental data from the literature [8, 9, 18, 19] in Figure 12 . In all simulations, a 200 nm cell with 1 nm cementite is adopted since no experimental information on the microstructure is provided by the references. For the Fe-0.2C-7Mn steel, the microstructure initially contained about 10 vol pct austenite according to the experimental observation, [9] which was taken into account in the simulation as shown in Figure 12(c), i. e., the cell contains 20 nm austenite on the left. All the simulated austenite fractions can reproduce the experimental data reasonably well before the experimental austenite fraction starts to decrease.
The decreases of the experimental austenite fractions in Figures 10 and 12(a) , (c) are due to transformation of austenite to martensite upon the final cooling after intercritical annealing. This is supported by microstructure characterizations and hardness data. [9, 14] To predict the final austenite fraction in this case, the transformation to martensite needs to be taken into account by predicting the martensite-start temperature of the austenite and the fraction of newly formed martensite below the martensite-start temperature, which is beyond the scope of this paper. Fig. 12-Simulated austenite fraction versus time using Setup A + M compared with the experimental results after intercritical annealing of (a) an Fe-0.2C-4.7Mn steel at 893 K and 953 K (620 and 680°C), [14] (b) an Fe-0.1C-5Mn steel at 909 K (636°C) and an Fe-0.1C-5Mn-1.2Si steel at 923 K (650°C), [4, 18] and (c) an Fe-0.2C-7Mn steel at 893 K and 923 K (620 and 650°C). [9] Fig. 10-Comparison of simulated austenite fraction according to different setups compared with experimental data of an Fe-0.2C-4.7Mn steel intercritically annealed at 923 K (650°C). [2, 14] IV. SUMMARY In the present study, the growth of austenite from as-quenched lath martensite in medium Mn steels during intercritical annealing has been simulated using the DICTRA software package. Simulations using a cell of austenite and martensite (Setup O) show three temporal stages of austenite fraction: a rapid growth under non-partitioning local equilibrium (NPLE), a slow growth under partitioning local equilibrium (PLE), and a shrinkage under PLE until equilibrium is reached. Experimental observations motivate an addition of cementite in the simulations. Two setups of simulation cells are used to represent different nucleation sites of austenite: an austenite-martensite-cementite cell (Setup A) corresponding to austenite and cementite forming apart from each other, and a cementite-austenite-martensite cell (Setup B) corresponding to austenite forming on the cementite/martensite interface. In Setup A, austenite fraction evolves in the same three stages as in Setup O, while in Setup B austenite enters the PLE stage directly once it appears. In Setup A, the Mn content in austenite increases over time, while in Setup B it is approximately constant. A dissipation energy is further added to the austenite/martensite interface to take into account the effect of a finite interface mobility. In Setup A, the interfacial dissipation suppresses the rapid growth under NPLE condition, while it is not effective in Setup B because of an absence of a rapid growth. The applicability of Setups A and B is discussed. When compared to experimental data, simulations using Setup A with addition of an austenite/martensite interfacial dissipation energy can reproduce the growth of austenite in medium Mn steels rather well.
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